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SUMMARY 

A transonic courpressor ro tor  with double-circular-arc blade sections 
and inlet   guide vanes turning  counter  to the direct ion of  rotor  whirl was 
designed  and tested t o  determine the ef fec t  of blade-row interact ion on 
the performance of a transonic  rotor.  The compressor w& designed for a 
pressure   ra t io  of 1.35 and a corrected  specific weight flow of 31.5 pounds 
per  second  per  square f o o t  of f ron ta l  area at a corrected t i p  speed of 
1000 feet per second.  Over-all  and  blade-element  performance  and cir-  
cumferential  survey  results are presented. 

The over-all  performance of this ro tor  was comparable t o  that of 
other  transonic conrpressor ro tors .  The use  of guide  vanes r e s u l t e d   i n  a 
circumferential   variation  in  rotor-outlet  flow due largely t o  variations 
i n   o u t l e t   t o t a l  pressure when the ro to r - t i p   i n l e t   r e l a t ive  Mach  number 
was greater than 1.0. 

Certain deskable performme  character is t ics  of transonic  cott~pressor 
rotors  have  been  revealed i n  the investigations of references 1 t o  3. 
These machine6 did not have inlet   guide vanes. This type of  rotor  design 
permits the use of free-vortex  velocity dflsgrams w i t h  r e l a t ive ly  high work 
I n p u t s  and  high w e i g h t  f low a t  the expense of  hlgh blade i n l e t   r e l a t i v e  
Mach numbers. Such designs are made feasible by the use of c e r t a i n   a i r f o i l  
shapes  (such as the double-circular-arc  blade) that perform much be t t e r  
a t  these high Mach numbers than  those shapes most suitable  for  subsonic 
machines (such as a i r f o i l s  having the NACA 65-series  thickness 
dis t r ibut ion)  . 

Bscaufie of the relative  success  of such  experimental designs, further 
studies have been made t o  determine the value  of  transonic  stages i n  the 
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complete  engine. One result of  such studies is the suggestion that mre 
design freedom m i g h t  be obtained i f  a cer tain amount of whirl were allowed - 
at  each  rotor  inlet .  In the first stage of a compressor this prewhirl 
would, of course, be established by inlet guide  vanes. The use of these 
guide vanes would not  necessarily be for the purpose of reducing the rotor  
blade i n l e t   r e l a t ive  Mach numbers, b u t  perhsps t o   s a t i s f y  some other 
design conditLon. 

In considering the design of such  an i n l e t  stage, it must f i rs t  be 
assumed that the ef fec t  of one blade row on the other w i l l  be negligible. 
If t h i s  assumption were not made, it would be d t f f icu l t   to   f ind  any 
design data. Experience hae shown that this assumption is a suff'tcient2.y 
val id  one if the design of 8 subsonic  stage is required. No such expe- 
rience has been  accumulated, however, for a transonic  stage. The prin- 
c ipa l  purpose of this invewbigation waa t o  determine whether or  not  there 
exist any blade-row interactions of suff ic ient  magnitude to   affect   rotor  
performance of 8 transonic  inlet  stage. 

To accomplish this purpose, a compressor ro to r   u tn i z ing   i n l e t  guide 
vanes was designed and b u i l t .  The purpose of the i n l e t  guide vanes was 
to establish a velocity diagram that would reduce rotor-tip  dif'fusion 
factors  below those usually  encountered a t  the desired work input. To 
eva lua te  the effects  of blade-row interaction,  both  circumferential and 
radial variations of the flow conditions were measured at  the   ro tor   in le t  
and out le t .  The experimental results of this investigation are presented 
in   the  form of over-all performance,  blade-element  performance, and c l r -  
cumferential  variations  in blade-element  performance. 
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SYMBOLS 

coqressor   f rontal  area based on rotor- t ip  diameter, sq f t  

diffusion  factor (ref. 10) 

acceleration due t o  gravfty, 32.174 ft /sec2 

t o t a l  specific enthalpy 

incidence  angle, angle between inlet-air   d i rect ion and tangent t o  
blade mean camber l i ne  at leading edge, deg 

Mach  number 

number of  blades 

total   pressure,  lb/sq ft or in .  Hg 
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c 

tc 

d 
a 

stat ic   pressure,  lb/sq ft 

radius measured from axis  of rotation, f t  or  in .  

radius of curvature 

t o t a l  teqperatuce, 91 

blade speed, ft;/sec 

air velocity,  ft/sec 

weight flow of air, lb/sec 

air angle,  angle between air velocity and axial   direction, deg 

blade-chord  angle,  angle between blade  chord and axial direction, 
deg 

r a t i o  of i n l e t  t o t a l  pressure t o  XACA standard sea-level pressure 
of 2116 lb/sq ft 

deviation  angle,  angle between out le t -a i r  direct ion and tangent 
t o  blade mean cauiber l i ne  at trailtng edge, deg 

adiabatic  temperature-rise  efficiency 

r a t i o  of i n l e t   t o t a l  temperature t o  NACA standard  sea-level tem- 
perature of 518.7O R 

s ta t ic   dens i ty  of air, lb/cu ft 

so l id i ty ,   ra t io  of blade chord  measured along streamline  to 
average blade  spacing 

blade cmiber angle, difference between angles of tangents  to mean 
camber l i n e  at leading and t r a i l i n g  edges, deg 

total-pressure-loss  coefficient 

Subscripts : 

h hub 

m midradius  survey posi t ion 

m.a. mass-averaged value 
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t t iP  

Z axial direction 

8 tangential   direction 

0 depression tank 

1 upstream of guide vane 

2 between  guide vane and ro tor  

3 ro tor   ou t le t  

Superscript: 

1 re la t ive   to   ro tor  

5 
kP 

COMPFESSOR DESIGN 

Rotor " .  I 

The rotor  of this investigation, shown i n   f i g u r e  1, was designed 
t o  have the following characterfstics:  

Total-pressure  ratio, P3/P2 . . . . . . . . . . . . . . . . . . . .  1.35 
Adiabatic efficiency, q . . . . . . . . . . . . . . . . . . . . . .  0.90 
Tip speed, Ut. ft/sec . . . . . . . . . . . . . . . . . . . . . . .  1000 
Equivalent weFght. f low per squa;re foot  of frontal  area,.. wfi/&A~, 

(lb/eec)/sq f t  31.5 
Inlet  hub-tip radius ra t io ,  rdr t  . . . . . . . . . . . . . . . . .  0.5 

" - " . . . . . . . . . . . . . . . . . . . . . . . . .  
Number of blades, n . . . . . . . . . . . . . . . . . . . . . . . .  34 
T i p  sol idi ty ,  0% . . . . . . . . . . . . . . . . . . . . . . . . .  1.0 
Tip  radius, rt, f t  . . . . . . . . . . . . . . . . . . . . . . . .  0.75 
Tip axial veloctty  ratio,  (V,,3/V,,2)t . . . . . . . . . . . . . .  1.0 

The values of chord length, pressure ra t io ,  and efficiency were assigned 
as constant w i t h  rad ius   in  the design calculations. The velocity  diagram 
a t  both  inlet  and out le t  were then established by specifying the rotor- 
inlet   absolute flow angles and by requiring that the simple-radial- 
e q u i l i b r i u m  equation 

- 3 -  

and flow continuity  be  established at both the rotor-inlet and -outlet 
stat ions . 
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Several  different  distributions of i n l e t  f low angle were prescribed, 
and the resulting designs w e r e  compared and etudied. From this study the 
f ina l   des ign   vezht ion  of rotor-inlet   absolute flow angle was chosen. 
This w a s  a l inear  vaziation with radius of -14O at the t i p  t o  -30 at the 
hub. The pr incipal   reasan  for  this choice was that it re su l t ed   i n  a 
comgromise between ro tor   b lade   re la t ive   in le t  Mach  nuuiber and rotor  blade 
diffusion factor  that was believed most sui table .  

A rotor-outlet  blockage factor  of 0.96 was spectfied,   and  the  outlet  
hub-tip radius rat io ,   consis tent  with flow  continuity, w a s  found t o  be 
0.589. The blade shape w m  selected as double c i r cu la r   a r c   i n  the 
cyl indrical  (r - const .) surface. c he incidence angles were set a t  a 
radially  constant  value of 40 based upon reference 1, and the deviation 
angles were obtained  from Carter '15 r u l e  (ref. 4) . More recent data of 
reference 5 (ch. V I I >  show that this design incidence angle assumption 
i s  poor, but the deviation-angle  rule is  good. 

Guide V a n e s  

In  order  to  obtain the desired inlet tangential   velocity  distribution, 
a Set of guide-vane blades w8s designed for  a turning of 14O at  the  rotor  
t i p  and So at the ro tor  hub counter  to the direct ion of ro tor  whirl, w i t h  
a l inear  variation from hub to t ip.  The e f f ec t s  of  secondary flow on this 
turning  diatribution were cpaq?uted by the method of reference 6. The 
turning angles were modified  according t o  the   resu l t s  of these computa- 
tions. The blade  profile was selected from reference 7, since the 63- 
series blade shape indicated low losses  for a.relatively high i n l e t  Mach 
n u d e r .  The carpet plots  of reference 7 were  used fo r  a constant  solidity 
of 0.75. Thq. blade p r q i l e  w a s  determined at fou r  equa l ly  spaced r a d i a l  
s ta t ions .  The blade geometry is presented in table I. 

The variable-component test r i g  described i n  reference 2 W ~ E  modified 
fo r  the in s t a l l a t ion  of rotor  and  guide  vanes. A schematic  sketch of the 
ins t a l l a t ion  is given i n  figure 2. 

The instrumentation of reference 2 was used wtth the addition of a 
survey  station  located  approximately 0.25 inch  behind the guide-vane t i p s .  
The locations of the survey  etatiom are indicated  in   f igure 2. I n  
addition to this instrumentation, a circumferential  pad  Located 0.25 inch 
behind the ro tor  and at an angle  equal  to the taper  of the b lade   t ra i l ing  
edge was available fo r  conductlug  ctrcumferential  surveys at any desired- 
radius with e i the r  a combination  survey  probe or a hot-wire-anemometer 
probe. The circumferential survey instruments arB shorn tu f igure 3(a) 
with a survey  probe installed i n  the casing mounting. 



The guide-vane  performance was obtained a t  ten radial s ta t ions by 
the UBB of a circumferential  total-pressure rake, a miniature E s t a t i c  
probe,  and a total-pressure claw  probe. The rotor  exit was surveyed at 
ten radial s t a t ions  with two sting-mounted wedge s t a t i c  probes and three 
combination survey probes. The radial survey instruments are sham in 
figure 3(b). All teqperature and static-pressure probes were calibrated 
for m c h  number and deneity  effects. A magnetic-type vibration pickup 
mounted a short  distance upstream of the rotor  was used to  detect  the 
blade vibration. 

tr: 
4 
0 

The circumferential  variations  observed in th i s  investfgation  raise 
some doubt a8 t o  the va l id i ty  of  the blade-element data. The main 
concern was whether or  not the three survey  instruments used to  measure 
rotor-outlet  absolute flow angle, t o t a lp reaswe ,  and t o t a l  temperature 
gave average flow data from which an accurate  representation of the 
ro tor  perfarmELnce could be obtained. A detailed  study of the problem 
revealed  that  the  data  presented  are  probably a8 accurate as other blade- 
element data available at this time. 

The rotor  wae investigated  over a range of weight flows at  corrected * 
t i p  speeds of 700, 800, 900, and loo0 feet per  secona (70, 80, 90, and 100 
percent of: design speed). Maximum weight flow was limited by the   rotor .  
The mintmum weight flow m a  determined by rotor blade vibrations or by 
coqressor  surge. The i n l e t  depression-tank p r e ~ s u r e  was held a t  20 
tnches of mercury abaolute.  Over-all ro to r  performsnce was obtained by 
mss-averaglng  the blade-element  performance at s t a t ion  3 as shown i n  
reference 8 . 

RESULIPS AND DIfjCUSSION 

Over -all  Perf OrmEaYlce 

The over-all performance character is t ics  of this coqpressor rotor 
are shown i n  figure 4. A t  100-percent design speed, a choke weight flow 
of approximately 30.5 pounds per second per square foot of f ronta l  area 
was obtained. The mass-averaged total-pressure  ratio reached a maximum 
at 1.40. At design speed a peak abiabatlc efficiency of 0.89 was obtained 
st a weight flow of 29.04 pounds per second per square foot and a pressure 
ratio of 1.39. As the speed w&s decreased, the peak adiabatic  efficiency 
increaaed to a m a x i m u m  value of 0.95 at 80-percent speed. I n  general, 
the over-all character is t ics  of this tretnsonic compressor rotor with i n l e t  
gulde vanes axe similar t o  thoee of reference 2, where no i n l e t  guide 
vanes were used. 
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Guide-Vane  Performrance - 
The guide vanes  used i n  this investigation were required t o  do a 

PC r e l a t ive ly  small. amount of turning. For this reason, the performance of 
3 this blade row is of i n t e re s t  only t o  establish the  rotor-inlet  flow 
tp conditions. 

Surveys of the   radial   var ia t ion of absolute Plow angle leaRLng the 
guide vanes were made for several  mass-flow r a t e s .  The results of these 
surveys  are shown in   f i gu re  5, where the average measured vsrlatfon is 
indicated by the 60lld l i ne .  This average  variation was assumed in a l l  
later tests . 

The radial var ia t ion of guide-vane total-pressure loss was also 
measured for several mass-flaw rates. A 23-tube circumferential wake 
rake was used to obtain  the  total-pressure loss of one of the guide 
Vanes.  Tbe wake pressure loss f o r  each radial. s t a t ion  was arithmetically 
averaged  over one guide-vane  passage,  and  theee average values were con- 
ver ted  to  a total-pressure-loss  coefffcient, These total-pressure-loss 
coefficients are plotted  against  radius  r a t i o  for several  equivalent 
weight flows in figure 6(&). The losses i n  the fn l e t  guide vanes are 

In a11 later tests, the t o t a l  pressure at the  rotor i n l e t  wa8 determined 
by means of these data and the measured inlef-tank  total   pressure.  

I r e l a t ive ly  small, becoming s ignif icant  only at the t f p  and hub regfons. 

- 
A typ ica l  loss dis t r ibu t ion  i n  the blade-wake region is illustrated 

i n  figure 6(b). The guide-vane wake is relatfvely narrow and resches 8 

maximum loss coefficient of about 0.28. Thus, the wake of the guide vane 
passing  in%o the compressor rotor appeared t o  be r e l a t ive ly  smll. 

Rotor-Inlet  Conditfons 

The radial conditions at the i n l e t  of the compressor ro tor  are sham 
in. figure 7 for 100, 90, and 80 percent of design speed. Three gperating 
conditions are shown far each  speed. These conditions are designated 
A, B, C, and are indicated on the over-all  performance p l o t  of ftgure 4. 
Operating  condition A r e fe r s  to the mintmum-weight-flm point,  conditton 
B t o  the  approximate  peak-efficiency  point, ana conditfon C to the 
maximum-weight-flow point. 

The design  distribution of axial velocity was not achieved in   t he  
experimental results. In  the t i p  region  experfmntal axial velocity was 
somewhat higher than the design  value, while i n  the hub region  the axial 
velocity is sizably lower than the design value. This departure from ' 

design is f u r t h e r  ref lected i n  the p l o t s  of absolute and re l a t ive  Bbch 

according t o  the  design flaw condttions, and pas t icu lar ly  the hub could 

1 

- number. Thus, the i n l e t  flaw conditions  to the. rotor  w e r e  not s e t  up 
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not be expected to  operate at design  condition.  Similar  variations  in 
flow condition can be observed at 90- and 80-percent  speed. 

6 

Rotor-Outlet  Conditions 

Rotor-outlet  flow  conditions  are shown in   f igure  8 fo r  the same 
speeds  and  operating  conditions as i n   f i gu re  7. These values were obtained 
from the radial surveys of three couibination  probe6  and two  wedge s t a t i c  
probes. The largest   var ia t ion  in   total-pressure  ra t io  is obtained i n  E 
the   t ip   region.  This character is t ic  is similar t o  that observed in   other  
compressor rotors  and is p m t l y  a function of the vector diagram. For 
the  peak-efficiency  operating  condition B at design  speed, the pressure 
r a t i o  is higher than the design  value of 1.35 (f ig .  8(a)) .  The measured 
sdiabatic  efficiency  for the peak-efficiency  point falls  continuously 
from hub t o   t i p .  A t  the  peak-efficiency  operating  point, the other e x F t  
flow  conditions do not  exhibit  design  trends  except  the  exit  absolute 
Mach nmiber. The e x i t  axial velocity a t  the peak-efficiency  qperating 
point cotqpares favorably nith the design  values i n  the t i p  region; however, 
it departs from design i n  the hub region, as a t  the ro to r   i n l e t .  

4 

Discharge flow conditions at the lower Bpeeds vary  essentially  the 
same as those  at  desfgn  speed. The pressure  ra t io  a t  the  80-percent- k 

speed  point  for maximum-efficiency operation is essentially  constant  across 
the radius, indicatfng that the energy  addition is essentially  constant 
along the radius. . 

Consideration of Radial Equ i l ib r ium 

Rotor-inlet  conditions. - Three test points were chosen as repre- 
sentative of rotor-inlet  conditions, two a t  design  speed  and the other 
at 80-percent  design  speed. The design-speed  points are B and I) of 
f igure 4, and the  80-percent  speed  point is p o i n t  B. Figure  9(a) is a 
p lo t  of the  radial   var ia t ion of Vz, z/V, 2 of the experimental data 
and the  curve computed by the simplified-radial-equtlibrium equation (l), 
which is derived in reference 9.  For the computation of the  simplified- 
radial-equilibrium  curve, the total   pressure,   tangential  velocity, and 
t o t a l  temperature were taken equal t o  the  eqer imental  data.. The results 
of the computations shown in  f igure  9(a>  indicate that the  compessor 
did not display  the flow conditions  indicated by the s i ~ l i f i e d - r a d i a l -  
equi l ibr ium computations at the ro to r   i n l e t .  The large difference at 
the  rotor hub w a s  caused by wall curvature at the ro to r   i n l e t ,  which is 
ignored i n  t h i s  form of the radial-equilibrium equation. 

I . ,  

The radial variation af rotor-inlet  streamline  curvature is plot ted 
i n  figure lO(a) . The points on t h i s  curve were computed by the use of  



NBCA RM =?Bo4 - 9 
c 

Euler's  equation of motion i n  radial direction  with the assumpfiions that 

of velocity was zero, and the flow was axisylmaetric. These assumptions 
give the follming.equation: 

- the flow was time-steady,  there were no f l u i d  forces, the r a d i a l  component 

The difference between this  equation and the  simplified-radial- 
equilibrium  equation is the curvature  term Vzll;iP' The rad ia l   var ia t ion  
of l/re w a 8  computed from equation (2) and eqerimental   data,  and the 
wall  values of curvature are included t o  show t h e i r  agreement with the 
computed streamline  curvature.  This computation shows that the wall 
curvature is an  important design c r i t e r ion   fo r  high-mass-flow  compressors. 

cu 
I Rotor-outlet  conditions. - The same three  points uaed in   t he   i n l e t  

curvature at the r o t o r  outlet.  Figure 9(b) i l lus t ra tes   the   ro tor -out le t  
conditions  plotted as a radial variation of  v ~ , = J v ~ , ~ , ~ .  The measured 
data a t  the ro to r  o u t l e t  were used for  the computation. With this method 

equilibrium  expression. The difference between the simplifeied-radial- 
equ,ilibrium  computations and experimental results again is due t o  

E3 computations  were c w u t e d  f o r  simplified r a d F a l  equ-ll ibrim and streamline 

5 the entropy  and  enthalpy  gradients are included in  the  simplified-radial-  

.. streamline  curvature. 

The resu l t s  of the computation fo r  o u t l e t  streamline  curvature  are 
shown in   f igure  1O(b) with the w a l l  values. The wall curvature at the 
ro tor  outlet  appears t o  be a factor   for  the establishment of design 
conditions f o r  t h i s  compressor, b u t  the  effect  is not as strong as at the 
in le t .  

Blade-Element  Performance 

To simglify the analysis of this rotor,  the  streamlines that l i e  
in  the  r-z  plane  (containing the axis of ro ta t ion  and r a d i a l   l i n e )  were 
assumed t o  be a t ra ight   l ines  dividing the  annular  passage  height  into 
equal-percentage radial increments at the   i n l e t  and out le t  of the ro tor  
blades. The b lade  elements r e fe r r ed   t o   i n  this report   are  sections of 
ro to r  blades that l i e   i n  stream  surfacea of revolution  generated by 
rotat ing  the assumed streamlines  about  the axis of rotat ion.  

Blade-element  performance of this rotor  is presented  in  f igure 11 
for  four Speeds at three blade-element  sections. These sections  are 
located at 10, 50, and 90 percent of the passage  height from the outer 

- 

- wall and are ca l led   t ip ,  mean, and hub blade elements,  reapectively. The 
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measured geometries of these sections  are  tabulated in table  II. The 
calculations and the  significance of the  various parameters in   ro to r  
blade-element  analysis  are  discussed  in  references 8 and 10. 

Relative  total-pressure-loss  coefficient. - The blade-element loss 
data s h m  i n  figure 11 indicate that, at  the hub and mean sections,  the 
minimum total-pressure-loss  coefficient is essent ia l ly  independent of 
rotor  speed. A t  the   t ip ,  however, a marked increase  in  loss is indicated 
for   the  two highest  operating  speeds.  Figure 12  shows the re la t ion  of 
loss  coeff ic ients   in  the region of minimum Loss taken from faired  valuee 
of f igure 11 and plotted  againet  corresponding faired values of diffueion 4 

factor .  The increase  in  tip-element loss associated with the increase 
i n  rotor  speed is accompanied by an  increase in diffusion  factor.  Mach 
number e f fec ts  (shock losses and blade-row interaction) were not  present 
t o  a great enough degree to  cause losses  appreciably beyond the  range 
of  correlat ion  for  a number of compressors  having  subsonic  tip-element 
operation as presented in   reference 11 and reproduced i n   f i g u r e  12. 

IP 
PJ 
0 

Deviation  angle. - The measured deviation  angles at minimum-loss 
incidence  angle are compared with Carter 's   rule  (ref.  4) and the  cascade 
ru l e  and deduced variations of reference 5 in   f i gu re  13. The deviation 
angles  are  plotted against in l e t   r e l a t ive  Mach  number for  comparison 
purposes  only.. A l l  three deviat ion-agle  rules agree well with the ob- 
served  values  for the t i p  and mean blade  elements.  For the hub element 
it appears that deviation-angle  predictions  obtained from Carter's ru le  
agree with observed  values somewhat better  than  those of  the  other two 
rules. 

Axial Asymmetry in Rotor-Outlet Flow 

Measured variations. - During rotor  performance tests a t  t i p  speeda 
of 900 and 1000 feet   per second, large  circumferential   variatione  in 
rotor-outlet  flow conditions were noticed. This condition was confirmed 
by w e  of the  circumferential  survey  instrument  described  earlier.  Fig- 
ure  14(a) shows the  circumferential  variations of measured o u t l e t   t o t a l  
pressure and temperature and blade-element loss   for  the tis element 
during  operation at a t i p  speed of 900 feet per second  and  an  incidence 
angle of approximately 4 .Z0 (indicated by the   l e t t e r  E i n   f i g .  l l (a)  . 

The abscissa   in  this f igure is circumferential   posit ion  in  arbitrary 
units.  The t o t a l  length of survey is about one guide-vane  spacing. It 
can  be seen from figure  14(a) that the  total-pressure-loss  coefficient 
ranges from about 0.095 t o  0.075 over  a large ppart of the  circumference. 
However, the loss coefficient  increases  rapidly  to a value  near 0.20 over 
a portion of the circumference.. These large  var ia t ions  are  due t o  an 
interaction between the rotor  and  guide-vane rows. 

s 
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The variations  in the loss coefficient were primarily due t o  c i r -  
cumferential   variations  in  rotor-outlet   total   pressure.  These variations 
with circumferential  position were present  only at the ou t l e t  of those 
blade  elements  operating a t  i n l e t   r e l a t i v e   m c h  nunibers greater than 1.0. 
Thus, as the r o t o r   t i p  speed was increased from 900 t o  loo0 fee t   per  
second, a larger  portion of the out le t  annulus became involved. This 
increase  in  speed w i t h  a corresponding change i n  minimum-loss incidence 
angle t o  approximatel 5.30 for  the t i p  element (corresponding t o  the 
letter F i n   f i g .  ll(a7) a lso   resu l ted   in  a general r ise in   the   ro tor  
loss coefficient,  as sham in  f igure  14(b).  Except fo r  this magnitude 
difference, huwever, the var ia t ions  are   a i ike f o r  these two speeds. 

A hot-wire anemometer was employed using the procedure  reported  in 
reference 1 2  for  the purpose of  s tudy ing  the rotor-outlet  flow  in more 
detail. The accuracy of the results obtained is somewhat questionable, 
because the calculation8  outl ined  in  reference L2 are Less applicable 
t o  the case of a rotor  and guide-vane  combination.  Hmever, the c i r -  
cumferentialaverELges of the losses measured by th i s  method agree 
reasonably well w-ith those of figure  14(a) . Figure 15 shows the   c i r -  
cumferential  variation of r e l a t i v e  total-pressure-loss  coefficient f o r  
t h e   t i p  element at operating  point E as obtained by these hot-wire- 
anemometer nseasurements. Several  corresponding  oscilloscope  traces of 
the  blade wakes from which these values  were obtained are shown in  order 
i n   f i gu re  16. It may be seen from these two figures that the loca l  high- 
loss regions  in the rotor-outlet  annulus are regions  into which an 
abnormally  large blade wake  is shed by the passing ro tor  blades. 

Effect of guide-vane wakes  on vector diagram. - It has already been 
mentioned that circumferential  variations  in the rotor-outlet  flow were 
observed whenever the in l e t   r e l a t ive  Mach number was greater  than 1.0. 
This re la t ion  is probably  not a mere coincidence. On the other hand, 
previous  investigations show that no sudden  changes occur i n  the per- 
formance of a blaae element as the in l e t   r e l a t ive  Mach number passes 
through 1.0. 

It is  important t o  point out  that the large circumferential  variations 
i n  o u t l e t  flow conditions  could  not have been predicted by consideration 
of  vector diagrams. This method of analysis is used t o  determine q u a l i -  
t a t ive ly  the development of blade wakes  as they  pass  through a succeeding 
blade row. A vector-diagram analysis requires BOUE assumptions of rotor  
performance such as the variations of total-pressure-loss  coefficient with 
incidence  angle. In the present  investigation,  such  an  analysis would 
have failed t o  predict the observed correlation between rotor- inlet   re la-  
t i ve  Bkch  number and the magnitude of the rotor-outlet  circumferential 
variations. As an exarrrple, a calculation based upon guide-vane-wake 
measurements and rotor  performance data from a typical  design-speed test  
point gave the following results: 
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(1) If the guide-vane wake underwent l i t t l e  or no diffusion beyond 
the point at which it was measured (3/8 in.  downstream of blade trailing 
edge), a variation.of about 2O i n   r o t o r  blade ipcidence.a@e would have 
resulted each time these blades passed  through a guide-vane w a k e .  

" 

(Z} This 20 variation  in  incidence  angle from point F of figure ll(a) 
would have resulted i n  a change in loss coefficient from  about 0.125 t o  
0 .la. 

The measured loss variations, however, were greater than  those pre- 
dicted by  almost a factor  of LO. Furthermore, there is  good reason  to 
believe that  the guide-vane wakes actual ly  underwent considerably more 
diffusion  before  reaching the rotor  blades, which would have resu l ted   in  
a much smaller variation  in  rotor  incidence angle than the 2' value 
referred to.  The circumferential  variations measured i n  the rotor-outlet  
flow were very small whenever the corresponding i n l e t  re la t ive  Mach 
number f o r  that particular  survey  station w-as below 1.0. These small 
variations are i n  better agreement with the order of  magnitude predicted 
by the vector-diagram  analysis. 

It is  not known whether the phenomenon of axial asymmetry, as observed 
i n  this investigation, i s  present  in  other  transonic machines having two - -  

o r  more blade rows. The authors are unaware of  any  other  published data 
i n  which rotor-outlet  circu-cuferential surveys were made on a transonic 
rotor preceded  by either guide vanes or s t a to r s .  As was pointed  out  in 
the discussion  of the rotor  blade-element data, the average loss coeffi-  
cient for the t i p  element  of this rotor  did not  appear t o  be markedly 
different  from that observed i n  other machines having comparable diffusion 
factors .   In  view of this resu l t ,  it may be concluded that the principal 
problem of incorporating this type of stage i n  a multistage compressor i s  
that of  determining the e f fec ts  of the asyaPnetric rotor-outlet  flow on 
succeeding blade rows. More specifically,  the question is whether  such 
a flow w i l l  cause the succeeding blade-roW performsnce t o  d i f f e r  much 
from that predicted by the (steady-flow)  blade-element or  cascade data 
employed i n  the design. 

1 -  

The followlug  reeults were obtained i n  an experimental  Investigation 
o f  a transonic  cotqressor  rotor  uti l izing  inlet   guide vanes: 

1. Over-all  pressure  ratio and efficiency  of this transonic compressor 
rotor  with in l e t  guide vanes were comparable to  those  obtained  in  other 
transonic compressor rotors. 

2 .  Measured guide-vane losses were r e l a t ive ly  low, and turning angles 
were very  close  to the design va lues .  
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3. The ef fec t  of the guide-vane m e 6  was t o  fncrease  the  rotor blade- 
element loss coefficient a t  relat ive  Ibch rimers greater than 1.0 t o  a 
value twice that obtained  in the region between the guide-vane wakes. The 
magnitudes of the loss-coefficient  variation and the region  affected in- 
crease  with speed. In sp i te  of this  circumferential  var ia t ion  of l O S 6  
coefficient,   the average  element loss is comparable t o  that obtained  with 
similar loadings i n  other  inveatigations . 

4.  The design radial distrlbutions of axial velocity were not 
es tabl ished  a t   the  in le t  and out le t  of this compressor r o t o r ,  probably 
because.of the ef fec t  of  wall curvatures. 
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TABLfZ I. - BUDE GEOMERY OF GUIDE-VAKE BLADE 

EI;EMENTs W I T H  c m s m  SOLIDITY OF 0.75 

Chord angle, r0 , deg 
Caniber angle, (P , deg 
Chord length, in .  
Lift coefficient 
Leading-edge rad., in .  
Trailing-edge  rad., in .  

1 Blade-element radiue, 
in. 

1.844 
1.125 

Blade element 
Tip I Wan I Eub 

Camber angle, 9, deg 

0.0125 0.0125 0.0125 edge r a d i i  of cur=- 
Leading-  and trailing- 

0.074 0.065 0.053 Chord length 
bkximum thickness 

1.84 1.72  1.67 Chord length, in .  

23.6 41.4 51.8 Chord angle, P, deg 
19.6 9.8 4.7 

Solidity,  CY 1.93 1.36 1.04 

twe, 
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Correoted  specific  weight flow, wfl/611p, (lb/eec)/sq ft 

Figure 4, - Over-all  performance of rotor  dee1gneU with unconventional 
tangensla1  velocity  distribution. 
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" 
.5 .6 .7 .8 .9 1.0 

Radius r a t lo ,  r2/rZ,t 

Figure 5.  - Experimental  guide-vane  turning angle. 
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Radius ratio, r2/rZ,t 

(a)  Radial variation. 

Circumferential distance, ratio of circumferential 
position to blade  spacing 

(b) Circumferential  variation of typical l o s s  profile. 
Radiua ratio, 0.744. 

Figure 6. - Quide-vane  total-pressure-loss variation. 
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.4 .6 .8 1.0 
R d i w  ratio, r2/r2,t 

(a) Equivalent speed,  1oo-percent desi=. 

Figure 7. - Inlet conditions for rotor designed with unconventional tangential 
velocity  distribution. 
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t Operating 
condition (lb/sec)/sq  ft 

o A (mln. wt. 
0 B (max. ef- 

ficiency) 

I.- 
. 4 .  .6 1.0 .4 .6 .8 1.0 

(b) Equivalent  speed,  90-percent  design. 

Figure 7. - Continued.  Inlet  conditions for rotor  designed  Kith  unconventional 
tangential  velocity  dlstribution. 
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o A (min.  wt. 21.74 

cf B (max. ef- 26.51 

A c (ma. n t .  28.54 

flow) 

f iciency) 

flow) 

Radius ratio, rdr2, t 

(c) Equivalent speed, 80-percent  deslgn. 

Figure 7. - Concluded. Inlet conditions for rotor designed with 
unconventional tangential velocity distribution. 
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Operating w t / 8 / 6 A p ,  
1 p ;  

0 A (min. wt. 
f l o w )  

27.54 

- 0 B ( m a .  ef-  29.04 
ficiency) 

A C (max. w t .  30.48 
- flow) 
" Design 

Radius  ratio, r3/r3,t 

(a) Equivalent  speed,  100-percent  design. 

Figure 8. - Outlet  conditione for r o t o r  designed with unconventional 
tangential velocity  distribution. 
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Operating w fl/6Ap, 
condition 

ficiency) 

60 l"uAA 

400 a 

.4  .6 .8 1.0 
Radius ratio, r3/r3, t 

(b) Equivalent  speed,  90-percent  design. 

Figure 8. - Continued.  Outlet  conditions far rotor designed with 
unconventional  tangential  velocity  dietribution. 
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0 A (mln. w t .  21.74 

0 B ( m a .  ef- 26.51 

A C (ma. w t .  28.54 

f LOW ) 

f i c i e n o y )  

flow) i 
1 .oo 

.80 

.60 

.40 

1.0 

.a 

.6 

. 4  

~ a d i u a   r a t i o ,  r3/r3 , t 
(c)  Equivalent  apeed,  80-percent  deaign. 

Figure 8. - Concluded.  Outlet   conditions  for  rotor  designed w i t h  
unconven t iona l   t angen t i a l   ve loc i ty   d i s t r ibu t ion .  - 
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1.0 

.s 

.a 
. I  .s -6 .T .a .9 1.0 

Radius ratio, ra/mst 

(a) ~ o t o r  inlet. 

Radius ratto. Ts/rS,t 

(b) Rotor cutlet. 
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P 
2 
4 -1 

k 
% 
v 
3 -2 
A 
2 

0 100 30.28 (near max. wt. flow) 
rl 

0 

7 
0 80 26.51 (max. efficfency) 
A 100 29.04 (max. efficiency) - 
v Wall values 

-3 I I I I I I 
(a) Rotor  inlet. 

.a .9 1.0 
=us ratio,  r/rt 

(b) Rotor outlet. 

Figure 10. - R a d i a l  variations of rotor-inlet and -outlet  streamline 
curvature. 
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s 
d 
dc 

Incidence  angle, I. deg 

(a) Tip blade element- 

Figure 11. - Blade-elemsnt performance of rotor  designed with ua- 
aonventlmal tangential  velocity  dlstributlcm. 

31 
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Incldenoe angle, i, deg 

(b) Mean blade element. 

Figure 11. - Continued. Blade-element performance or r o t o r  designed with unconven- 
tfonal tangential veloolty dis t r ibu t ion .  
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Incidence angle, I, dag . 

(c) Hub blade element. 
Blgure 11. - Cmcluded. Bladeelement performaace of rotor designed with unconven- 
tional  tangential velocity distribution. 
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.3 I I I I 
Equivalent Speed, 

$ design 
-r 

Diffusion factor, D 

Figure 12. - Variation of rotor  tip-element  losaee 
with  diffusion  factor In low-loss range of in- 
cidence angle. 

4 1 I I I 
Carter’s  rule 

predictions predictions 
Cascade-rule 

1. 
0 c 

- - -9” - -” 9” ”“_ - - - 
0 n 

(a)  Tip element. 
4 

”-, - - - - -io - -0” 
- - 0 

0 

0 

(b) Mean  element. 

1.u- -- - -  1.2 1.4 
Inlet  relative Mach number, Mh 

(c) Hub element. 

Figure 13. - Comparieon of measured  deviation 
angles at  minimum-loss  incidence angle with 
values  predicted by Carterla  rule  and de- 
duced  variation of reference 5. 
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0 2 4 6 8 10 12 
Circurrrferential position  (arbitrary  units) 

(a) Operating  point E (fig. ll(a)). 

Figure 14. - Circumferential  variations  in  rotor-outlet  absolute  total 
temperature and pressure and r e l a t i v e  total-pressure-lose  coefficient 
f o r   t i p  element. 
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(b) Operating point F (fig. ll(a)). 

Figure 14. - Concluaed. Circumferential  psrlations In rotor-outlet 
absolute  total  temperature and pressure and relative  totel-pressure- 
loss coeff ic ient   for   t ip  element. 

c 
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0 2 4 6 8 10 12 
Circumferential  position  (arbitrary units)  

Figure 15. - Circumferential  variations of tip-element  relative t o t a l -  
pressure-loss  coefficient for operatfng  point E (fig. ll(a>) as meas- 
ured by hot-wire  anemometer. 
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